The hemodynamic effects of hypovolemia and acidosis were studied in 23 patients with cholera. Studies were made before and during fluid replacement and administration of alkali.
SUMMARY
The hemodynamic effects of hypovolemia and acidosis were studied in 23 patients with cholera. Studies were made before and during fluid replacement and administration of alkali.
The major hemodynamic abnormalities encountered before rehydration can be ascribed to a reduction in circulating blood volume. Hypovolemia was associated with a reduction in cardiac output, blood pressures, and central blood volume. Restoration of blood volume returned these variables toward normal.
The chief effect of acidosis appeared to be a redistribution of blood from the peripheral to the central circulation; consequently, central blood volume, lesser circulation pressures, and cardiac output were relatively well maintained despite bypovolemia. Fluid administration without correction of acidosis favored a disproportionate increase in central blood volume, while reduction in hydrogen ion concentration attending fluid replacement resulted in a more even distribution of the circulating blood volume and reduced the possibility of engorgement of the pulmonary bed.
It is postulated that this redistribution of blood stems from peripheral venoconstriction and a reduction in the capacity of venous reservoirs induced by acidosis.
Additional Indexing Words: Shock Distribution of total blood N Venoconstriction T HE COPIOUS STOOLS and vomitus which characterize cholera are capable of producing severe dehydration and circulatory collapse with terrifying rapidity. Loss of bicarbonate in the dejecta is responsible for called attention to the engorgement of the pulmonary circulation and right heart cavities. 3 The presence of pulmonary congestion in patients dying of the disease has been confirmed by Dammin and co-workers. 4 Some observers have postulated redistribution of the circulating blood volume to explain this phenomenon.5 Second, evidences of pulmonary and peripheral congestion during the course of fluid repletion have been reported on occasion, especially in the older literature, at a time when hydration was still incomplete. 4 Third, the frequency with which pulmonary congestion is encountered has been reduced by correction of the acidosis,6 as has the mortality,7 but the mechanism by which this effect of alkali is mediated remains unclear.
Our interest in the effects of an increased hydrogen ion concentration on the pulmonary circulation prompted us to undertake this study of the hemodynamic alterations which accompany metabolic acidosis in patients with cholera, in the expectation that the manner in which pulmonary congestion develops might be clarified.
Methods Twenty-three patients presenting with an acute syndrome compatible with the diagnosis of cholera were studied in the Pakistan-SEATO Cholera Research Laboratory, Dacca, East Pakistan, during the epidemic of January to March, 1965 . Bacteriological identification of Vibrio cholerae Inaba was subsequently made in the excreta of 18 of these patients and of V. cholerae Ogawa, in two. The remaining three patients resembled the others in all respects, but the organism could not be demonstrated by darkfield examination or culture of stool specimens.8 9 In only two individuals were other diseases suspected; one was found to have an abnormal glucose tolerance curve, and the other a neurological picture suggestive of multiple sclerosis. The rectal temperature at the time of study varied from 96 F to 100.4 F; in only two did it exceed 100 F. Seventeen patients were male and six female. The average age was 33 years with a range of 16 to 63 years.
The patients chosen for study demonstrated marked dehydration, profound acidosis, or both. Shock was reversible, and all recovered uneventfully from their disease. They were studied without sedation. Nine had received no food for at least 12 hr, while the remainder gave a history suggesting abstinence for 2 to 12 hr prior to study. The majority of these patients could not be considered to be in a basal state; they were apprehensive, frequently restless, and several experienced muscle cramps.
Studies were performed on a fluoroscopic Two of the three patients, whose fluid balance (that is, fluid intake -fluid output) was allowed to fall through purging while their hydrogen ion concentration was maintained at nearly normal levels by small infusions of alkalinizing agents, had initial hemodynamic findings similar in some respects to those who had not been treated. The total blood volume was at the lower limits of normal or was markedly decreased, and the plasma protein Circulation, Volume XXXVII, May 1968 concentration was elevated. However, the ratio of central blood volume to total blood volume was low, and the central blood volume was also low. Cardiac output and stroke volume were also reduced. Sinus tachycardia was present. Brachial arterial blood pressures were well maintained, although pulmonary arterial and "wedge" pressures were low. The total blood volume of the third patient was slightly above normal at the time the initial measurements were made, but all other values were within normal limits.
Further purging resulted in a slight fall in pH (0.02 to 0.04 units) in all three patients although alkalinizing agents were continuously administered. All experienced a fall in total blood volume, cardiac output, and stroke volume. Central blood volume also fell, and in two the ratio of central to total blood volume became smaller. Brachial arterial pressures Sixteen patients had received varying amounts of isotonic saline intravenously prior to study. All were acidotic, the pH varying from 6.98 to 7.35. Although five patients had total blood volumes within normal limits as usually defined,'5 the plasma protein concentration was elevated in the three in whom it was measured. The total blood volume was above normal limits (+18.8 to +39.9%) in the remaining 11 patients. One of these also had an increased plasma protein concentration; in the remaining 10 it varied from 6.0 to 7.1 g/ 100 ml. Central blood volume was within normal limits in all 12 patients in whom it was measured. The percentage of total blood volume which constituted the central blood volume varied from 20.7 to 36.9%. The cardiac output was within normal limits in three patients and above 3.5 L/min/m2 in the remaining 13 . Systemic blood pressures were normal. Mild but definite pulmonary hypertension was present in eight patients, and in four of these the "wedge" pressure was also elevated. All The total blood volume and the concentration of plasma proteins varied as would be expected with the fluid balance (fluid intakefluid output). The more positive the fluid balance, the larger was the total blood volume and the lower the concentration of plasma proteins ( fig. 5 ).
Central Blood Volume
The central blood volume and the ratio of central blood volume to total blood volume were related to the total blood volume (r -0.821, P < 0.001, and r -0.422, P < 0.005, respectively), to the hydrogen ion concentration of the blood (r =0.496, P <0.001, and r= 0.600, P <0.001, respectively), and to minute ventilation (r = 0.519, P < 0.005, and r = 0.630, P <0.005, respectively). The larger the total blood volume, or the higher the hydrogen ion concentration or ventilation, the larger was the central blood volume. The level of central blood volume (CBV) as well as its magnitude and direction of change could be predicted best (table 1) by an equation of the following type where total blood volume (TBV) and hydrogen ion concentration are considered simultaneously:
Thus, as shown in figure 6 , at any given level of total blood volume the more acidotic was the patient, the larger was his central blood volume. It is also apparent that changes in central blood volume depended not only on changes in total blood volume but also on changes in hydrogen ion concentration. If a patient sustained a marked rise in total blood volume and little change in hydrogen ion concentration, his central blood volume would rise; however, if a similar increment in total blood volume was accompanied by a striking CENTRAL BLOOD VOLUME (ml I m2) Figure 7 Graphic representation of the mean pulmonary "wedge" pressure (PA,,), central blood volume (CBV), and rate of infusion (R). On As seen in figure 7, the pulmonary "wedge" pressure rose as did the central blood volume, but at any given level of central blood volume, the faster the rate of infusion the higher was the "wedge" pressure. No relationship could be demonstrated between the hydrogen ion concentration and the "wedge" pressure.
The right atrial mean pressure also appeared to be related to the rate of the infusion (r= 0.456, P <0.05), and to the total blood volume (r = 0.448, P < 0.05). Although no significant relationship was found between the level of the right heart filling pressure and hydrogen ion concentration, the right atrial mean pressure was expressed best by a simultaneous consideration of the rate of infusion, the total blood volume, and the hydrogen ion concentration, r 0.601, P < 0.01. Since the number of observations of right atrial mean pressure were so few, all data were utilized to derive this relationship; hence predictions as to the magnitude and direction of change in right atrial mean pressure could not be attempted.
Both right and left heart filling pressures moved in the same direction: as one rose or fell so did the other.
Cardiac Output
Cardiac output was closely related to the level of pulmonary "wedge"> pressure, r = 0.939, P < 0.001, and to the right atrial mean (or right ventricular diastolic) pressure, r= changes in cardiac output were encountered which could not be ascribed to changes in either independent variable alone. When cardiac output (CO) was considered as a joint function of blood volume and hydrogen ion concentration, then not only its level, but the magnitude and direction of change could be predicted with reasonable accuracy ( fig. 8) . In similar fashion, the degree of change in cardiac output was related to changes in "wedge" pressure, r= 0.883, P < 0.001, and to changes in right atrial mean (or right ventricular diastolic) pressure, r = 0.670, P < 0.05. There was a greater change in left than in right ventricular filling pressure, P < 0.05, for a given change in cardiac output ( fig. 9) .
A significant correlation was also found between cardiac output and total blood volume, r = 0.699, P < 0.001, and hydrogen ion concentration, r = 0.345, P < 0.02, but not with ventilation, r = 0.163, P <0.40. However, Circulation, Volume XXXVlI, As the total blood volume increased (and, in turn, central blood volume and filling pressures rose) so did the cardiac output provided there was little change in hydrogen ion concentration. A marked fall in the latter would be accompanied by a fall in cardiac output and, as previously described, central blood volume and filling pressures ( fig. 10 ).
Pulmonary Arterial Pressures
The level of pulmonary arterial diastolic pressure (PAd) and its direction and magnitude of change were closely related ( fig. 11 ) to the level of the "wedge" pressure (PAw) and could be predicted from the equation: A small gradient existed between the diastolic and "wedge" pressures which became progressively less as the latter rose or increased as the latter fell.
The pulmonary arterial systolic pressure (PA.) varied with both the pulmonary arterial diastolic pressure and the stroke volume (SV): was related to the total blood volume, r = 0.413, P <0.005, changes in total blood volume were not always followed by changes in blood pressure. Brachial arterial mean pressure also showed some relationship to cardiac output, r 0.317, P < 0.02, but again variations in mean pressure could not be predicted from changes in blood flow. No relationship was found between the level of systemic arterial mean pressure and hydrogen ion concentration, but changes in pressure did show some relationship to changes in hydrogen ion concentration, r 0.380, P <0.05.
Heart Rate
The level of the heart rate was found to vary inversely with the total blood volume, r -0.544, P < 0.001, and with the age of the patient, r -0.628, P < 0.001. Changes in heart rate were inversely related to changes in brachial arterial mean pressure, r -0.541, HEART RATE (beats/ min ) PAS = K5 + a5 SV+ b5 PAd (5) Pulmonary arterial mean pressure (PAm) could also be predicted from the stroke volume and the pulmonary arterial diastolic pressure ( fig. 11 ): PAm = K6 + a6SV+b6PAd (6) Pulmonary arterial mean pressure was higher the larger the central blood volume, r= 0.753, P < 0.001, and the higher the hydrogen ion concentration, r = 0.453, P < 0.001. It was also found to increase with the rate of infusion, r = 0.532, P < 0.001. Figure 12 Schematic representation of the equation which relates heart rate, total blood volume, and the age of the patient.
Circulation, Volume XXXVII, May 1968 P < 0.005. Thus, heart rate fell as brachial arterial mean pressure rose and rose when this pressure fell.
The level of heart rate could be estimated better if age was considered simultaneously with the total blood volume, than if blood volume was considered alone. Utilizing the equation
HR=K7+a7age+b7TBV
(7) the predicted heart rate was closely related to that observed ( fig. 12 ). This equation could also predict the magnitude and direction of change in heart rate.
Oxygen Consumption
While the level of oxygen consumption tended to be higher, the greater the total blood volume, r = 0.478, P < 0.001, changes in oxygen consumption did not always follow changes in total blood volume. The oxygeni consumption also increased as did the ventilation, r = 0.527, P < 0.005. No relationship could be demonstrated between oxygen consumption and the concentration of hydrogen ion or age of the patient.
Ventilation and Blood Gases
For the most part these patients hyperventilated. The level of ventilation was more closely related to the concentration of hydrogen ion (r -0.615, P < 0.001) than to the level of arterial blood carbon dioxide tension (r -0.456, P < 0.001) or to arterial blood oxygen tension (r = 0.404, P < 0.025). However, a fall in hydrogen ion concentration was not always accompanied by a fall in ventilation. Carbon dioxide tension was reduced throughout most of the studies and showed an inverse relationship to hydrogen ion concentration, r -0.332, P < 0.025.
Despite hyperventilation, eight patients occasionally showed an arterial oxyhemoglobin saturation below 94%. In one this reduction could be ascribed to the effect of hydrogen ion concentration on the oxyhemoglobin dissociation curve since the arterial blood oxygen tension as calculated from the nomograms of Severinghaus16 was 86 mm Hg. In the remaining seven the arterial blood oxygen tenCirculation, Volume XXXVII, May 1968 sion was found to be below 80 mm Hg which, at sea level, is probably the lower limit of normal. The arterial oxygen saturation varied with the oxygen saturation of the mixed venous blood, r = 0.456, P < 0.001.
Using the alveolar air equation, alveolar oxygen tension and the alveolar-arterial oxygen gradient were estimated. The range of the alveolar oxygen tension was normal, 95 to 120 mm Hg. The alveolar-arterial oxygen gradient on occasion lay above 15 mm Hg in 10 patients. Attempts to relate this gradient to blood flow, central or total blood volume, lesser circuit pressures, pulmonary resistance, hydrogen ion concentration, and hematocrit were unsuccessful. The level of arterial oxygen tension was also related to alveolar oxygen tension, r = 0.656, P < 0.001.
The physiological dead space, calculated from the expired air and arterial carbon dioxide tensions and the tidal volume (corrected for the dead space of the breathing apparatus) was larger (average, 158%; range, 56% to 330%; P < 0.005) than the anatomic dead space.1'7 The physiological dead space could not be related to the level of pulmonary blood flow or pressures, central blood volume, or hematocrit.
Discussion
The major hemodynamic alterations observed in cholera with shock can be ascribed to a reduction in the circulating blood volume, as anticipated by previous investigators. The salient finding in the present study is the demonstration that acidosis results in a redistribution of the blood volume from the peripheral to the central circulation. The consequences of alteration in blood hydrogen ion concentration are most obvious during the course of fluid repletion and determine, in large part, the pattern of hemodynamic response to therapy.
Another variable, not measured in this study, also appears to play a significant role in the regulation of the events we are describing, namely, the level of function of the sympathoadrenal system. Both acidosis and hypovolemic shock induced by hemorrhage lead to an increase in the concentration of circulating catecholamines, and with their correction, the concentration falls. In the presence of acidosis, however, the effects of catecholamines are apparently lessened, at least under certain circumstances.'8 26 3 The ultimate response, however, may be determined by the relative concentration of hydrogen ion and catecholamines and may vary from one part of the circulation to another. '8' 30, 32, 3 In the ensuing discussion we will attempt to assess the relative contributions of the levels of circulating blood volume, hydrogen ion concentration, and sympatho-adrenal activity to the hemodynamic patterns observed in this study.
The total circulating blood volume was strikingly reduced in untreated patients, or in those in whom purging was associated with insufficient fluid replacement. The Sharpey-Schafer and his associates45 have shown that a large increase in hydrogen ion concentration can cause venoconstriction and a reduction in the capacity of the peripheral venous bed. They postulated that venous blood volume would thereby be reduced and venous return to the heart would be increased. It seems likely that in the presence of widespread venoconstriction, the central blood volume would not fall as much as the total blood volume during the development of dehydration and acidosis in patients with cholera. Enlargement of the total blood volume without correction of the acidosis would favor a disproportionate rise in central blood volume, lesser circulation pressures, and cardiac output. Relief of venoconstriction and expansion of the venous bed by alkali administration would result in a more uniform distribution of the circulating blood volume and a dimunition of the volume of blood returning to the heart and pulmonary circulation. The reduced incidence of pulmonary congestion in treated patients with cholera can be reasonably ascribed to the use of alkali.
There is no direct evidence for venoconstriction in cholera. Venoconstriction 63 To explain the high levels of filling pressures and cardiac output (once the blood volume has been expanded) in the presence of acidosis and the fall in these variables during administration of alkali, it would be necessary to postulate that a high hydrogen ion concentration enhanced myocardial contractibility or decreased ventricular compliance. These suggestions are at variance with most, if not all, experimental data. Moreover, this explanation would not account for the fall in central blood volume induced by alkali. It is possible that catecholamine activity was, in part, responsible for the high levels of flow during acidosis, since Downing and his associates35 and Bendixen and co-workers32 have found that myocardial contractibility can still be enhanced by the administration of norepinephrine or epinephrine in the face of an increased concentration of hydrogen ion.
In only one patient was hemodynamic evidence of heart failure produced ( fig. 4) The high rate of oxygen consumption found in this study may be more apparent than real inasmuch as the standard used to evaluate the normalcy of the level is the body surface area. Patients with cholera are not febrile nor do they display histological evidence of a marked cellular response to their disease; thus these mechanisms cannot be invoked to explain the high rate. Apprehension, restlessness, and hyperventilation were present and any one could be held to be responsible. However, many patients in this study were not restless and indeed one slept throughout most of the procedure. Those who were restless became quiet as hydration and alkalinization were carried out, but a reduction in oxygen consumption did not occur. Indeed, the higher the total blood volume, the higher was the oxygen consumption. If an increase in circulating catecholamines was responsible for the high rate, it would appear that a high concentration of hydrogen ion in the presence of hypocapnia does not greatly interfere with the action of catecholamines on effector organs nor does it appreciably depress oxidative metabolism. '8 The hyperventilation displayed by these patients can be in part ascribed to acidosis and possibly to an increase in catecholamines.
Circulation, Volume XXXVII, Correction of acidosis and hypovolemia however did not invariably lead to a decrease in minute ventilation. These findings are in accord with those of Richards and Cournand in their studies of shock. 46 47, The slight but definite reduction in arterial oxygen saturation in some of these patients has been noted previously in shock by other investigators, as has its persistence with fluid replacement. 47 78-81 Previous authors have suggested that this reduction in arterial oxygen tension results from admixture with blood of low oxygen content. 78' 79, 81 The considerations of Briscoe82 on distribution of ventilation-perfusion ratios indicate that, even in the presence of such inhomogeneities as exist in the normal lung, the alveolar-arterial oxygen gradient increases as the mixed venous oxygen tension falls. The increase in the physiological dead space found in this study suggests that this inhomogeneity may have been accentuated. Others have described an increased physiological dead space in animals when hemorrhage has produced shock. This augmentation of the dead space returns toward, but not to, normal as blood is reinfused.78 79, 81 Gerst and co-workers79 attributed this finding to closure of pulmonary capillaries consequent to a marked reduction in pulmonary blood flow. The demonstration that the central blood volume is maintained in the acidotic patient at the expense of the peripheral circulation, suggests that the level of physiological shunt flow (for example, Thebesian and bronchial veins) also may be relatively well maintained in the face of a reduced cardiac output. In the presence of a low systemic blood flow, the contribution of this component of venous admixture to arterial blood unsaturation would be enhanced.
